A hybrid radio-frequency ͑rf͒/direct-current ͑dc͒ system has been developed to control the biasing effects during deposition of diamondlike carbon ͑DLC͒ films onto the inner wall of polyethylene terephthalate ͑PET͒ bottles. An additional dc bias is coupled to the rf electrode to produce the effect of equivalent rf self-biasing. This allows more flexible control of the deposition of the DLC films which are intended to improve the gas barrier characteristics. The experimental results demonstrate that the additional dc bias improves the adhesion strength between the DLC film and PET, although the enhancement in the gas barrier properties is not significantly larger compared to the one without dc bias. The apparatus and methodology have practical importance in the food and beverage industry.
I. INTRODUTION
Leakage of gases, such as oxygen and carbon dioxide into/out of sealed plastic bottles and containers, is a big concern for the food and beverage industry because it limits the lifetime of the food and beverages stored inside the containers. 1 For example, beer and soft drinks can become flat after prolonged storage. Several techniques such as multilayer, film deposition, scavenging agents, and composite reinforcements 2 have been developed to reduce the gas permeability through plastic containers. From the viewpoint of productivity, cost, and recyclability, thin film deposition is the most reliable and suitable technique to improve the gas barrier properties of polyethylene terephthalate ͑PET͒ bottles. A diamondlike carbon ͑DLC͒ film, which is an effective gas barrier layer, 3, 4 is frequently deposited on the inner wall of PET bottles by microwave plasma-enhanced chemical vapor deposition ͑PECVD͒, 5 radio-frequency ͑rf͒ PECVD, 6 positively pulse biased ion implantation, 7 and plasma source ion implantation. 8 Among these techniques, rf-PECVD is the most widely used due to the low cost and high efficiency.
In traditional rf-PECVD, the PET bottle is placed in a vacuum chamber that functions as the outer electrode. A metal tube is inserted into the bottle acting as the gas inlet and grounded electrode. rf power is then applied to the outer electrode to ignite the discharge between the outer electrode and the grounded metal gas inlet tube and subsidiary chamber. 6 This generates low temperature plasma within the bottle to enable deposition of a DLC film. However, there are problems arising from this discharge configuration. First of all, it is difficult to generate the plasma inside the PET bottle due to its special geometry. Second, there exists a relationship between the self-bias ͑V b ͒ of the rf electrode and the area ratio ͑A grounded / A rf ͒ of the grounded electrode to rf electrode, 9 V b ϰ ͑A grounded / A rf ͒. 4 Obviously, the area of the rf electrode ͑vacuum chamber͒ is much larger than that of the grounded electrode and this gives rise to a small self-biasing effect in this setup due to the unusual shape of the PET bottle. This is substantially different from the common chamber configuration in which a larger self-bias is induced due to a larger ratio of A grounded / A rf . 10 In this way the composition and structure of the DLC film may be compromised by the weak ion bombardment as a result of the small self-biasing effect. 11 The surface properties which are associated with the microstructure and composition of the materials may be hardly adjusted. 12 In this paper, a newly proposed rf-PECVD system with additional dc bias is described to optimize the rf discharge and ion energy. The novelty lies in the application of this technique to the coating of the inner surface of PET bottles featured by unusual geometry and insulating materials since the bias is independent on rf power for our bottle-shaped chamber and the dc bias has to be optimized to avoid unexpected charging and arcing stemming from organic substrate ͑PET͒. We then describe the design of this hybrid dc/rf-PECVD system and report the resulting improvement in the film properties arising from the additional bias. Figure 1 shows the schematic of the rf-PECVD system with additional dc bias designed for the treatment of the a͒ Author to whom correspondence should be addressed. Tel./FAX: 86-451-86418791. Electronic mail: xiubotian@163.com.
II. rf-PECVD SYSTEM WITH ADDITIONAL dc BIAS
inner walls of PET bottles. The bottle vessel used in our experiments has an inner diameter of 64 mm and wall thickness of 8 mm. The cavity of the main chamber which resembles that of the PET bottle is composed of a cylinder chamber wall and cone part. This chamber is insulated by Teflon insulator from the grounded subsidiary chamber connected to the mechanical pump. A gas inlet tube with an outer diameter of 6 mm is fixed at the central line of the main chamber and insulated from the subsidiary chamber by Teflon insulator. In this design, the gas inlet tube can be grounded or floated. The main chamber is covered by a top lid with a polymethyl methacrylate ͑PMMA͒ window through which the discharge behavior can be observed. The PMMA window is fixed by a Nylon cover. Except the insulate parts in the chamber, all the other parts are made of 304 stainless steel.
The circuit for the additional dc bias is also shown in Fig. 1 . The rf voltage is applied to the outer electrode via a capacitor. The dc voltage is simultaneously coupled to the outer electrode through the inductance unit. The inductance unit is composed of two separate coils to enable better heat dissipation and electrical insulation. The total value of ͑L 1 +L 2 ͒ is chosen to vary from 0.2 to 5 mH in order to reduce the interaction between the dc and rf source systems.
Before treating the PET bottles, the chamber was evacuated to the base pressure of ϳ2 Pa by a mechanical pump. The working gas ͑C 2 H 2 ͒ was then introduced into the bottle through the inlet tube, and the pressure in the chamber was maintained between 20 and 100 Pa. The rf and dc voltages were coupled to the top lid and the chamber wall. The gas inlet tube and subsidiary chamber were grounded. Cylindrical PET foils with 63 mm, thickness of 36 m, and length of 180 mm were deposited with DLC.
III. POWER SUPPLY CHARACTERISTICS
The voltage waveforms obtained on the rf electrode ͑top lid and main chamber͒ by a digital oscilloscope are depicted in Fig. 2 . The solid line represents the output voltage delivered by only the rf power supplier with a power of 200 W ͓Fig. 2͑a͔͒. It can be observed that the average self-bias of the rf electrode is only minus 5 V below the zero potential implying a very small self-bias. In contrast, an additional dc voltage may effectively increase the equivalent self-bias, as shown by the dashed line in Fig. 2͑a͒ . With 200 W rf power and dc bias of Ϫ70 V, an equivalent "self-bias" of Ϫ70 V is observed. If the negative dc bias increases too much, the peak value of the rf voltage can be lower than 0 V ͓Fig. 2͑b͔͒. This may lead to an abnormal arcing in the chamber due to the net negative dc bias on the insulating materials.
The results indeed indicate that the bias voltage on the rf electrode can be effectively optimized by the additional dc system. This certainly provides more processing flexibility and potentially better surface and gas barrier properties of the DLC films. The rf power also appears to be magnified as the negative dc bias increases. This may be caused by the change in the matching conditions. cated with the additional dc bias. The G band corresponds to the symmetric E 2g vibrational mode in graphitelike materials whereas the D band is attributed to bond-angle disorder in the graphitelike microdomains affected by sp 3 bonds. 13 It has been reported that the position of the G band is related to the bond-angle disorder or sp 3 bonding content whereas the I D / I G ratio is correlated with the ratio of sp 2 / sp 3 bonds. [14] [15] [16] An additional bias shifts the G band from 1546.1 to 1548.8 cm −1 and the I D / I G ratio increases from 0.48 to 0.74. This means that the additional dc bias may help to optimize the structure of the DLC films 15, 17, 18 and improve the gas barrier property. 12 It has also been found that the residual strain increases as the G peak position shifts from high wavenumber to the low value linearly. 19 The G peak position for DLC film shifts from 1546.1 to 1548.8 cm −1 after coupling a negative dc bias with the rf power output during DLC film deposition. Therefore, the residual strain decreases slightly for DLC film deposited at a bias of Ϫ70 V.
IV. EFFECTS OF ADDITIONAL dc BIAS
The DLC coated PET samples with dimensions of 110 ϫ 25 mm 2 were placed in a tensile rig and then stretched at 20 mm/min. Afterward, a cracked morphology can be observed to demonstrate the effects of the bias on the adhesion strength between the DLC film and PET. The results are shown in Fig. 4 . The DLC coated PET samples after tensile tests showed vertical crack lines and horizontal buckling lines, producing a periodic lattice fracture pattern. These vertical and horizontal lines were identified as microcracks and microbuckling by scanning electron microscopy. The cracks appeared due to the tensile stress in the normal direction of the stretching force, followed by the buckling parallel to the stretching force due to the compression perpendicular to the extension. The compression is due to the contraction strain against extension strain in the direction of the stretching force, obeying Poisson's ratio. 20 The adhesion strength is strongly related to the interface shear strength between the coating and substrate. Leterrier et al. 21 proposed the following relationship between the interfacial shear strength ‫ء‬ and the coating thickness h, mean segment width at saturation l sat , and the coating strength at saturation max ͑l c ͒,
As shown in Fig. 4 , the strain values calculated from the samples treated at different biases are almost the same. Meanwhile, using Keyence VK-9700 Violet Laser color 3 D laser scanning microscope, the film thickness of DLC films was measured. The thickness for DLC film is 313 nm for DLC films deposited at Ϫ70 V which is slightly higher than that deposited without dc bias ͑283 nm͒. However, the segment width of the sample treated at -70 V is only 3 -4 m which is much smaller than that of the sample treated without the dc bias ͑5-8 m͒. The small l sat value means larger interfacial shear strength ‫ء‬ . Takeno et al. 22 reported that the coating with a narrow segment width after tensile test is more adhesive to the substrate. For DLC films fabricated without dc bias, debonding occurs on the substrate surface. In fact, a large portion of the film deposited without the additional bias easily delaminates from the substrate. Meanwhile, the fragments the DLC films deposited without dc bias seemed to distribute much more random than that deposited at -70 V. It has been reported that the number of film cracks increases with strain for the samples possessing stronger adhesion to PET substrate. 20 However, in the case of bad adhesion, debonding between the PET and DLC film could occur at lower strain, where stress concentration takes place and hence the stress is absorbed by softer polymer at the debonding place. 20 As for DLC film deposited at -70 V, no debonding fragment is observed. These results indicate that the adhesion strength between the deposited DLC film and PET can be effectively enhanced by an additional dc bias. The improvement in film adhesion using negative dc bias could be attributed to the increase in intermixing effect on the interface, which was reported by Li et al. 23 Generally, the films on the bottles which are usually subjected to external force and deformation during transportation are prone to cracks or peeling ͑deposited layer͒. Therefore, higher adhesion strength between the DLC and PET is very critical in the field.
The gas permeability through the DLC coated PET foils is determined by the constant volume, variable pressure method. As shown in Fig. 5 , the oxygen permeability through the PET substrate with a thickness of 36 m is 58.5 cm 3 m −2 day −1 atm −1 and quite high. In contrast, the permeability of the DLC coated sample treated by the rf discharge is mitigated significantly. With an additional bias of -70 V, the DLC coated PET samples possess a slightly higher resistance against oxygen penetration.
V. SUMMARY
A hybrid rf/dc-PECVD system employing an additional bias method has been developed to produce DLC films on the inner wall of PET bottles to enhance the gas barrier properties. The additional dc voltage affects the film structure and properties significantly. Although the DLC coated PET exhibits slight improvement in the gas barrier characteristics with the additional dc bias, the adhesive strength between the DLC film and PET is improved significantly. The hardware and protocol have practical importance in the food and beverage industry.
